We present multi-frequency monitoring observations of the black hole X-ray binary V404 Cygni throughout its June 2015 outburst. Our data set includes radio and mm/sub-mm photometry, taken with the Karl G. Jansky Very Large Array, ArcMinute MicroKelvin Imager Large Array, Sub-millimeter Array, James Clerk Maxwell Telescope, and the Northern Extended Millimetre Array, combined with publicly available infrared, optical, UV, and X-ray measurements. With these data, we report detailed diagnostics of the spectral and variability properties of the jet emission observed during different stages of this outburst. These diagnostics show that emission from discrete jet ejecta dominated the jet emission during the brightest stages of the outburst. We find that the ejecta became fainter, slower, less frequent, and less energetic, before the emission transitioned (over 1-2 days) to being dominated by a compact jet, as the outburst decayed toward quiescence. While the broad-band spectrum of this compact jet showed very little evolution throughout the outburst decay (with the optically thick to thin synchrotron jet spectral break residing in the near-infrared/optical bands; ∼ 2 − 5 × 10 14 Hz), the emission still remained intermittently variable at mm/sub-mm frequencies. Additionally, we present a comparison between the radio jet emission throughout the 2015 and previous 1989 outbursts, confirming that the radio emission in the 2015 outburst decayed significantly faster than in 1989. Lastly, we detail our sub-mm observations taken during the December 2015 mini-outburst of V404 Cygni, which demonstrate that, similar to the main outburst, the source was likely launching jet ejecta during this short period of renewed activity.
INTRODUCTION
Black hole X-ray binaries (BHXBs) contain a stellar mass black hole accreting matter from a companion star, where a portion of the accreted material can be transported back outwards in the form of a relativistic jet. These systems are typically transient in nature, evolving from periods of inactivity into a bright out-bursting state lasting days to months. BHXB jet emission can span many decades in frequency, and during these outbursts, the intensity, morphology, spectral, and temporal properties of the jet emission are known to vary with accretion state Belloni 2010) .
In quiescence and the hard accretion state, there exists a steady, compact synchrotron-emitting jet, which primarily emits at radio, sub-mm, and optical/infrared (OIR) frequencies (Fender 2001; Chaty et al. 2011; Russell et al. 2006; Tetarenko et al. 2015a; Gallo et al. 2005; Russell et al. 2013b; Plotkin et al. 2013 Plotkin et al. , 2015 Plotkin et al. , 2016 . This compact jet displays a characteristic flat to slightly-inverted broad-band spectrum (α ≥ 0, f ν ∝ ν α ; Blandford & Königl 1979; Falcke & Biermann 1995; Fender 2001 ) extending up to OIR frequencies Casella et al. 2010; Chaty et al. 2011) , where it breaks to an optically thin spectrum (α ∼ −0.7; Russell et al. 2013a ). The location of the spectral break marks the most compact region of the jet, where particles are first accelerated to high energies (Markoff et al. 2001 (Markoff et al. , 2005 Chaty et al. 2011) , and has only been directly observed in a few BHXBs (ν break ∼ 10 11−14 Hz; e.g. Russell et al. 2013a,b) .
As the system evolves through the rising hard state, where the X-ray luminosity (and, in turn the mass accretion rate) increases, the compact jet spectrum also evolves. In particular, the location of the spectral break has been observed to shift to lower frequencies (toward the radio regime), as the source transitions into a softer accretion state (van der Horst et al. 2013; Russell et al. 2014 ). This spectral evolution cannot be driven solely by optical depth effects, which predict an opposite scaling for the spectral break frequency (ν break ∝ M 2/3 ; Falcke & Biermann 1995) . Alternatively, recent work (Koljonen et al. 2015) , which shows a correlation between the location of the spectral break and the photon index of the X-ray spectrum, suggests that the particle acceleration properties within jets (traced by the flux density and frequency of the spectral break) may instead be connected to the properties of the plasma close to the black hole.
During the transition between the hard and soft accretion state, the jet emission can switch from being dominated by a compact jet to arising from discrete jet ejections (e.g., Mirabel & Rodríguez 1994; Hjellming & Rupen 1995; Kuulkers et al. 1999; Miller-Jones et al. 2012; Brocksopp et al. 2013; Tetarenko et al. 2017) . These ejecta have an optically thin spectrum (α < 0) above the selfabsorption/free-free absorption turnover frequency (MillerJones et al. 2004) , display highly variable emission, and their expansion/bulk motion can be resolved and tracked with Very Long Baseline Interferometry (VLBI; e.g., Hjellming & Rupen 1995; Tingay et al. 1995; Miller-Jones et al. 2004) . Once the source reaches the soft state, jet emission is believed to be quenched altogether (or faint enough to be below the detection thresholds of current instruments ; Fender et al. 1999; Corbel et al. 2001; Russell et al. 2011; Coriat et al. 2011; Rushton et al. 2016) , with any residual radio emission usually attributed to an interaction between the jet ejecta and the surrounding medium (e.g., Corbel et al. 2004) .
By tracking spectral, temporal, and morphological changes in the jet emission over an outburst, physical conditions in the jet can be linked to the properties of the accretion flow (probed at X-ray frequencies), potentially revealing which accretion flow properties govern the launching, evolution, and quenching of jets (Russell et al. 2013b (Russell et al. , 2014 . Therefore, multi-frequency studies of these jets during outburst, which track jet emission properties at different physical scales along the jet axis, are essential in understanding the mechanisms that govern BHXB jet behaviour. Within the BHXB population, V404 Cygni (aka GS 2023+338; hereafter referred to as V404 Cyg) is an optimal candidate for multi-frequency jet studies due to its proximity (2.39 ± 0.14 kpc; Miller-Jones et al. 2009 ), low extinction (E(B −V) = 1.3; Casares et al. 1993) , and high X-ray luminosity levels in outburst (L X ∼ 1 × 10 39 erg s −1 ; Motta et al. 2017b ) and quiescence (L X ∼ 1 × 10 33 erg s −1 ; Corbel et al. 2008) .
V404 Cyg was first discovered in outburst in 1989 (Makino 1989) , after which it remained in a low-luminosity quiescent state for ∼ 26 years. During this prolonged quiescent state, V404 Cyg displayed a spectrum that was measured to be flat across the radio band (α = −0.05 ± 0.15, where f ν ∝ ν α and ν = 1.4 − 8.4 GHz), likely extending up to IR frequencies, where it breaks to an optically thin spectrum (α < 0; Hynes et al. 2009 ). This radio spectrum is consistent with originating from a partially self-absorbed synchrotron jet (Blandford & Königl 1979) . While optical and UV emission in the quiescent spectrum of V404 Cyg are well described by blackbody emission from the known K0IV companion star, Muno & Mauerhan (2006) report a mid-IR (4.5µm and 8µm) excess above the level expected from the companion star. This mid-IR excess could originate from the accretion disc (Muno & Mauerhan 2006; Hynes et al. 2009 ), the compact jet (Gallo et al. 2007) , or a combination of the two. The average radio flux density of the jet in quiescence is ∼ 0.3 mJy (Gallo et al. 2003a) , although the emission is known to be highly variable (Hynes et al. 2009; Plotkin et al. in preparation) , reaching up to ∼ 1.5 mJy (Hjellming et al. 2000) . The quiescent jet of V404 Cyg is unresolved with the global VLBI array, but Miller-Jones et al. (2009) placed an upper limit on the compact jet size scale of < 1.4 AU at 22 GHz.
During its discovery outburst in 1989, V404 Cyg displayed bright X-ray flaring activity. This highly variable emission was found to not always be intrinsic to the source, but at times be caused by large changes in column density, where the accretion flow became obscured (Terada et al. 1994; Oosterbroek et al. 1997; Zycki et al. 1999b ). V404 Cyg displayed a variety of radio behaviour during this outburst (Han & Hjellming 1992) , where the radio spectrum evolved from steep (α < 0) to inverted (α > 0) in a matter of days. Further, significant radio flux variability on timescales as short as tens of minutes was observed, and there were hints of coupled radio, optical, and X-ray emission. However, the instruments available during this 1989 outburst did not have the capabilities to perform the simultaneous, multi-frequency, time-resolved observations needed to fully understand this rapidly evolving jet source.
In June 2015, V404 Cyg entered a new outburst (Barthelmy et al. 2015; Negoro et al. 2015; Kuulkers et al. 2015; Bernardini et al. 2016) , providing a unique opportunity to study the evolving jet with observational coverage that was not possible during the 1989 outburst. During this new outburst, V404 Cyg exhibited bright multi-frequency variability, in the form of large-amplitude flaring events (e.g., Ferrigno et al. 2015; Gandhi et al. 2015; Gazeas et al. 2015; Mooley et al. 2015; Motta et al. 2015a,b; Tetarenko et al. 2015b,c) , for a ∼ 2 week period, before the flaring activity ceased at all wavelengths, and the source began to decay (Sivakoff et al. 2015a,b; Plotkin et al. 2017a ) back towards quiescence. Additionally, in late December 2015 V404 Cyg entered a short mini-outburst period, during which it displayed renewed flaring activity (e.g., Lipunov et al. 2015; Trushkin et al. 2015; Beardmore et al. 2015; Malyshev et al. 2015; Tetarenko et al. 2016; Motta et al. 2016; Muñoz-Darias et al. 2017; Kajava et al. 2018) .
In this paper, we present multi-frequency monitoring of V404 Cyg during this 2015 outburst, including radio and mm/sub-mm photometry, combined with publicly available OIR, UV, and X-ray measurements. Radio frequency data were taken with NSF's Karl G. Jansky Very Large Array (VLA) and the Arc-Minute MicroKelvin Imager Large Array (AMI-LA), while the mm/sub-mm frequency data were taken with the Sub-millimeter Array (SMA), the Submillimetre Common User Bolometric Array-2 instrument on the James Clerk Maxwell Telescope (JCMT SCUBA-2), and the Institute de Radioastronomie Millimétrique's Northern Extended Millimetre Array (IRAM NOEMA). Our observations span a time period from hours after the initial X-ray detection of the outburst, until late in its decay back toward quiescence. While our team's earlier work (Tetarenko et al. 2017) probed the jet emission during a portion of the brightest flaring period (on 2015 June 22) of the outburst, this work aims to track the spectral and temporal changes in the jet emission as the system transitioned away from the flaring state and began to decay back into quiescence. In §2 we describe the data collection and data reduction processes. In §3 we present multi-frequency light curves and broad-band spectra. In §4, we use this series of observations to discuss the jet properties in V404 Cyg, as well as draw comparisons to the previous 1989 outburst, and the December 2015 mini-outburst. A summary of our work is presented in §5.
OBSERVATIONS AND DATA ANALYSIS

VLA Radio Frequency Observations
We observed V404 Cyg with the VLA (project codes 15A-504 and 15A-509) from 2015 July 02 to July 12 (MJD 57205− 57215) in the L (1 − 2 GHz), C (4 − 8 GHz), Ku (12 − 18 GHz), and K (18 − 26 GHz) bands. The array was in its most extended A-configuration for all observations, where we split the array into 2 or 3 sub-arrays to obtain strictly simultaneous observations across multiple bands. All observations were made with the 8-bit samplers, generating 2 base-bands, each with 8 spectral windows of 64 2 MHz channels, giving a total bandwidth of 1.024 GHz per base-band (see Table C1 for a summary of the array setup of all the observations).
Flagging, calibration, and imaging (with natural weighting chosen to maximize sensitivity) of the data were carried out within the Common Astronomy Software Application package (casa v4.3.1; McMullin et al. 2007 ) using standard procedures outlined in the casa Guides 1 for VLA data reduction (i.e., a priori flagging, setting the flux density scale, initial phase calibration, solving for antenna-based delays, bandpass calibration, gain calibration, scaling the amplitude gains, and final target flagging). We used J2025+3343 as a phase calibrator for all epochs, and 3C48 (0137+331) as a flux calibrator in all epochs but July 11 (MJD 57214), where 3C147 (0542+498) was used. When imaging the lowerfrequency bands (1 − 2 GHz and 4 − 8 GHz), we placed outlier fields on other bright sources within the primary beam to ensure that their side-lobes did not affect our flux density measurement of V404 Cyg. Flux densities of the source were measured by fitting a point source in the image plane (using the imfit task) and, as is standard for VLA L/C/Ku/K band data, systematic errors of 1/1/3/3% were added (Perley & Butler 2017). All VLA flux density measurements are reported in Table C4 . Given the rapidly changing radio flux density observed in this outburst, we also imaged the source on shorter timescales (less than the full observation period), using our custom casa variability measurement scripts 2 (see §3.1 of Tetarenko et al. 2017 for a detailed description of the capabilities of these scripts).
AMI-LA Radio Frequency Observations
V404 Cyg was observed with the AMI-LA (Zwart et al. 2008) radio telescope throughout the 2015 outburst. Observations were carried out with the analogue lag correlator using 6 frequency channels spanning 13.5-18.0 GHz. The raw data were processed (RFI excision and calibration) with a fullyautomated pipeline, AMI-REDUCE (e.g. Davies et al. 2009; Perrott et al. 2013) . Daily measurements of 3C48 and 3C286 were used for the absolute flux calibration, which is good to about 10%. The calibrated and RFI-flagged data were then imported into casa for imaging. In this paper, we use a sub-set of the AMI-LA observations taken during this outburst (complete data set will be published in Fender et al., in preparation) . Our analysis includes AMI-LA data that were taken simultaneously with our NOEMA mm/sub-mm observations; from 2015 June 26-30 and July 11-12.
NOEMA (Sub)-mm Frequency Observations
We observed V404 Cyg with the NOEMA (project codes S15DE and D15AB) between 2015 June 26 and July 13 (MJD 57199 − 57216), in the 3mm (tuning frequency of 97.5 GHz) and 2mm (tuning frequency of 140 GHz) bands. These observations were made with the WideX correlator, to yield 1 base-band, with a total bandwidth of 3.6 GHz per polarization (see Table C2 for a summary of the correlator and array setup of all the observations). We used J2023+336 as a phase calibrator, and MWC349 as a flux calibrator, in all epochs. The bandpass calibrator varied between epochs;
3C273 (57199 at 3mm), 3C454.3 (57200/57203 at 2mm), J1749+096 (57202 at 3mm and 57200/57201 at 2mm) and J2013+370 (57215/57216 at 2mm and 3mm). As casa is unable to handle NOEMA data in its original format, flagging and calibration of the data were first performed in gildas 3 using standard procedures, then the data were exported to casa 4 for imaging (with natural weighting to maximize sensitivity). Flux densities of the source were measured by fitting a point source in the image plane (using the imfit task). All NOEMA flux density measurements can be seen in Table C5 . Given the rapidly changing (sub)-mm flux density observed in this outburst, we also imaged the source on shorter timescales (less than the full observation period), using our custom casa variability measurement scripts.
SMA (Sub)-mm Frequency Observations
We observed V404 Cyg with the SMA (project code 2015A-S026) between 2015 June 16 and July 02 (MJD 57189−57215). All of our observations utilized the ASIC and/or SWARM correlators, tuned to an LO frequency of 224 GHz (see Table C3 for a summary of the correlator and array setup of all the observations). We performed all flagging, calibration, and imaging (with natural weighting to maximize sensitivity) of the data within casa, using the same procedures and calibrators outlined in §2.2 of Tetarenko et al. (2017) . Flux densities of the source were measured by fitting a point source in the image plane (using the imfit task). All SMA flux density measurements are reported in Table C5 . Given the rapidly changing (sub)-mm flux density observed in this outburst, we also imaged the source on shorter timescales (less than the full observation period), using our custom casa variability measurement scripts.
JCMT SCUBA-2 (Sub)-mm Frequency Observations
We observed V404 Cyg with the JCMT (project code M15AI54) on 2015 June 17 and July 02 (MJDs 57190 and 57205), in the 850µm (350 GHz) and 450µm (666 GHz) bands. On June 17 the observation consisted of five ∼ 30 min scans on target with the SCUBA-2 detector (Chapin et al. 2013; Holland et al. 2013 Tetarenko et al. (2017) . JCMT flux densities of the source in both epochs are reported in Table C5 . We note that we only detect the source at 350 GHz in these epochs; however, 3σ upper limits in the 666 GHz band are provided in the table. Given the rapidly changing (sub)-mm flux density observed in this outburst, we also attempted to create maps of the source on shorter timescales (less than the full observation period). To do this, we used a custom procedure we developed to produce a data cube, containing multiple maps of the target source region, at different time intervals throughout our observation (see §3.2 of Tetarenko et al. 2017 for the details of this procedure). In both epochs we were only able to measure the flux density on timescales as short as the 30 min scan timescale, as V404 Cyg was too faint, and the noise was too high to accurately measure the flux density on shorter timescales. was used for absolute flux calibration on January 1, and Mars was used on January 2. During both observations we were in the Grade 1 weather band, with a 225 GHz opacity of 0.04/0.05 on January 1/2. These later epochs were also reduced in the starlink package, following the same procedures as in §2.5. V404 Cyg transits during the daytime at this time of year, therefore, the JCMT was operating in an specialized extended observing mode at the time of our observations. As we observed the (sub)-mm flux density change on rapid timescales during the main outburst of V404 Cyg, we opted to also search for variability within the January 1 observation by splitting the scan into two maps. The first half of the observation shows an average flux density of 58 ± 19 mJy and the second half shows an average flux density of 38 ± 10 mJy. The source was not bright enough, and the noise was too high to accurately measure the flux density on shorter timescales. For the same reasons we were unable to obtain flux density measurements on timescales less than the 30 min scan timescale in the January 2 epoch. JCMT flux densities of the source in these later epochs are also reported in Table C5 .
IR/Optical/UV/X-ray Observations
We have compiled publicly available OIR, UV, and X-ray (Chandra; Plotkin et al. 2017a , and Swift/XRT; Sivakoff et al. 2015b) photometric observations that were quasisimultaneous with our radio through sub-mm observations (i.e., < 1 day separation from our observations). Observational details and flux densities from these data are reported in Table C6 , where data in this table have been dereddened (when required) using the prescription in Cardelli et al. (1989) , with an E(B − V) = 1.3 ± 0.2 (Casares et al. 1993) . Additionally, in our analysis we include time-resolved OIR data from Kimura et al. 2016 and AAVSO 5 , as well as INTEGRAL X-ray data (3-10 keV and 60-200 keV bands from the JEM-X and ISGRI instruments, respectively; Rodriguez et al. 2015) 6 , all occurring simultaneously with our radio/sub-mm data sets. The Swift/XRT data were all taken in photon counting (PC) mode, and we analyzed the data using the heasoft software package. We first reprocessed the data using xrtpipeline, and then we extracted source and background spectra using standard procedures in xselect. Due to the presence of dust scattering halos around V404 Cyg in many of these observations (e.g., Beardmore et al. 2016; Heinz et al. 2016) , background spectra were extracted from regions where no halos were detected. We fit the 0.5-10 keV X-ray spectra with an absorbed power-law (TBABS*PEGPWRLW); here we used abundances from Wilms et al. (2000) and cross sections from Verner et al. (1996) . We tied the power-law photon index (Γ = 1.8 ± 0.3; 90% confidence interval) together, but allowed the hydrogen absorption column to vary between observations (N H ∼ 0.5-3 × 10 22 cm −2 ). We report the flux densities arising from these fits at 5 keV (1.21×10 9 GHz).
RESULTS
Light Curves
Daily timescale light curves of all of our radio through submm observations of V404 Cyg are presented in the top two panels of Figure 1 7 . Throughout our month long-monitoring of the source, we observe the radio/sub-mm flux to vary by over 3 orders of magnitude, ranging from Jy levels at its brightest to sub-mJy levels at its faintest. In the sub-mm bands, the emission in our first epoch (taken hours after the first detection of the outburst in X-rays) is relatively bright compared to the mm/sub-mm flux densities typically seen in BHXBs (i.e., ∼ 100 mJy vs < 50 mJy), but rapidly drops by an order of magnitude within the next 24 hours. Following our first two detections, the sub-mm flux likely continues to rise, approaching a peak on MJD 57195. The source then begins to decay, where this decay is initially quite rapid (i.e., the flux density drops at least an order of magnitude between MJD 57195 and 57199), before the emission appears to plateau for a few days around MJD 57204, and then proceeds to decay at a much slower rate as the source heads towards quiescence. The radio emission tracks the sub-mm emission closely, and both show a potential secondary peak in the light curves around MJD 57200.
The bottom panel of Figure 1 displays the radio through sub-mm spectral indices (where a single power-law is fit across radio/sub-mm frequencies), for epochs where at least 2 different bands were sampled. We find that the spectral indices appear to vary between steep (α < 0) and inverted (α ≥ 0) during the MJD 57189-57204 period, but then remain flat to inverted for the rest of our monitoring period. The top panel displays the radio frequency bands, the middle panel displays the (sub)-mm frequency bands, and the bottom panel displays the radio-sub-mm spectral indices, in epochs where at least two different bands were sampled (using the convention f ν ∝ ν α , where α represents the spectral index; dotted line indicates α = 0). The (un-)shaded regions represent timeperiods where the jet emission was likely dominated by jet ejecta or a compact jet (as labelled above the top panel). The figures displaying time-resolved measurements of these data are indicated at the top of the figure (T17 indicates Tetarenko et al. 2017 ). Over our month long monitoring period of V404 Cyg, we find that the jet emission is highly variable, where the radio through sub-mm fluxes vary by ∼ 3 orders of magnitude, and the spectral index varies between steep (α < 0) and inverted (α > 0).
As V404 Cyg is known to be significantly variable regardless of its brightness, these day-timescale light curves and spectral indices will only display the overall average trend in the data. Therefore, we opted to also search for intra-observation variability in our data. To do this, we created time-resolved light curves (and simultaneous spectral index measurements) of all of our radio through sub-mm observations. These time-resolved light curves, along with simultaneous optical and X-ray data (when available), are displayed in Figures 2, 3 , 4, and 5. To ensure that any short timescale variations we observe from V404 Cyg are dominated by intrinsic variations, and not atmospheric or instrumental effects, we extracted high time resolution measurements from our calibrator sources as well. We find that the the AMI 16 GHz data, where a weighted mean of time-resolved measurements (100 sec time-bins) is taken. Kimura et al. 2016 ). Here we have combined the two SMA sidebands (cyan data points), in order to gain a higher signal to noise in our time-resolved light curves. The horizontal error bars on the JCMT measurements (magenta data points) represent the time range of the 30 minute SCUBA-2 scans. The dotted line in the bottom panel indicates a spectral index of α = 0. In less than 24 hours, between these two epochs, both the sub-mm flux levels and variability amplitude change dramatically. majority of our calibrator observations show relatively constant fluxes (variations < 10% of the average flux density), except for the SMA data taken on MJD 57189 (see discussion below).
To characterize the amplitude of any intra-observation variability and compare between epochs, we use the fractional RMS statistic,
wherex represents the weighted mean of the flux measurements, the sample variance
, and the mean square measurement errorσ 2 err = 1 tas & Bershady 1996; Vaughan et al. 2003; Sadler et al. 2006) . For this paper, we consider F var < 20% as not signif- The dotted line in the bottom panel indicates a spectral index of α = 0. We initially detect rapid flaring activity at radio through Xray frequencies, which drops in amplitude, becomes less frequent, and eventually stops all together, over this four day period.
icantly variable, 20% < F var < 50% as mildly variable, and F var > 50% as highly variable.
In our first epoch on MJD 57189, the sub-mm emission is highly variable over the short ∼ 1.5 hour observation, with a F var = 71.0 ± 1.4% at 224 GHz. Although, we note that this variability appears to be very stochastic (especially when compared to the next epoch taken ∼ 24 hours later), rather than showing smooth or structured variations that we might expect to see from this high frequency emission probing close to the jet base (e.g., see Tetarenko et al. 2017) . Upon examining the calibrator light curve for this observation, we noticed that the calibrator source shows an atypically high level of variability within the first half of the observation (i.e., prior to ∼18:00 UT), likely due in large part to the very low elevations of these observations (as low as 15 degrees). Therefore, all of the V404 Cyg variability observed in this epoch may not be intrinsic to the source. Less than a day later, the variability amplitude decreases, along with the average flux level, to just above mildly variable at F var = 51.9 ± 0.8% at 224 GHz. While we are only able to sample the sub-mm spectral index in two time bins on MJD 57190, both show a steep spectral index in this epoch, consistent with that observed from the daily average data (see Figures 1 & 2) .
Our next epoch, taken approximately a week later Here we have combined the two SMA sidebands, in order to reduce the noise in our short timescale light curves. The horizontal error bars on the JCMT measurements represent the range of the 30 minute SCUBA-2 scans. The dotted line in the bottom panel indicates a spectral index of α = 0. While no structured flaring activity is observed, the sub-mm emission remains highly variable on July 01, before becoming much more stable a day later.
(MJD 57195), displayed large scale, structured flaring activity, with lower frequency emission appearing as a smoothed and delayed version of high frequency emission. We have shown that this emission can be well modelled by a series of bi-polar, adiabatically expanding jet ejections (details of this data set are reported in Tetarenko et al. 2017 ). This structured flaring activity (tracing repeated jet ejection events) likely continued intermittently up to MJD 57199, where we sample a final, large radio flare (peaking at ∼ 200 mJy at 16 GHz), coinciding with rapid flaring activity at optical and X-ray frequencies (see Figure 3 ). Following this large flare, the radio through optical emission remains highly variable for another 1-2 days (F var = 71.6 ± 0.2% at 140 GHz on MJD 57200), displaying multiple smaller amplitude flaring events, before the flaring activity ceases, and the variability amplitude drops to mildly variable (F var = 39.0 ± 0.2% at 140 GHz on MJD 57202/57203). The spectral indices during the flaring activity between MJD 57199-57201 oscillate between steep and inverted on hourly timescales, consistent with the evolving optical depth of adiabatically expanding jet ejecta. After the flaring activity had ceased, the spectral index is much more stable over time, and close to flat. In the following two days, the sub-mm variability amplitude once again increases to highly variable with F var = 85 ± 5% at 224 GHz on MJD 57204, before declining to the point where any variance in the data is much less than the measurement errors on MJD 57205 (see Figure 4) . The optical and X-ray emission at this time are not significantly variable (F var < 10%), while the spectral index is stable, and remains inverted across radio through sub-mm bands. A week later (MJD 57213), both the radio and sub-mm flux has dropped by another order of magnitude, while the X-ray flux has remained relatively constant (close to zero) since MJD 57201 (see Figure 5 ). All the radio bands are not significantly variable, displaying F var < 20% (similar to that observed in later radio observations taken in late July and early August; Plotkin et al. 2017a) , and the sub-mm variability amplitude is similar to that seen on MJD 57202/57203. The spectral indices remain flat to slightly inverted during the MJD 57213-57216 period.
Modelling the Flaring Activity
Out of all the time resolved light curves shown in Figures 2 -5, the radio and sub-mm light curves between MJD 57199 and 57201 show a distinct morphology. During these days we observe rapid, multi-frequency flaring activity (with the lower frequency emission appearing to be a smoothed, delayed version of the higher frequency emission; see Figure 3 ). Given the striking similarity between these data and our earlier work on multi-frequency flaring activity from MJD 57195 (Tetarenko et al. 2017) , we opted to apply the jet model we developed for that data set to the MJD 57199-57201 light curves.
While a detailed description of our jet model is provided in §4.2 of Tetarenko et al. (2017) , we provide a brief summary here. Our V404 Cyg jet model reproduces emission from multiple, discrete, ballistically moving jet ejection events, on top of a constant compact jet component with a power-law spectrum. Each of the ejection events consists of the simultaneous launching of identical bi-polar plasma clouds, both of which evolve under the van der Laan (van der Laan 1966) synchrotron bubble formalism. Additionally, our model folds in both projection and relativistic effects (e.g., relativistic beaming, geometric time delays) for each ejection event.
Here we use the same modelling process detailed in §4.3 of Tetarenko et al. 2017 , where we implement a MarkovChain Monte Carlo (MCMC) algorithm to fit our light curves on MJD 57200/57201 (Foreman-Mackey et al. 2013 ). The best fit parameters and their uncertainties 8 for this fit are shown in Table 1 , and Figure 6 displays the best fit model overlaid on our light curves (see also Figure C1 ). With our best fit model, we find that a total of 5 bi-polar ejection events can reproduce the overall morphology and flux densities of the emission we observe in the June 27/28 (MJD 57200/57201) epoch. Further, our modelling suggests that the inclination angle of the jet axis changes by up to ∼ 40 degrees during this series of ejections, which is consistent with the magnitude of jet axis precession independently estimated from a series of resolved jet ejecta observed in an earlier epoch with the VLBA (Miller-Jones et al., Nature Submitted). Therefore, overall our modelling shows that the flaring emission observed on June 27/28 (MJD 57200/57201) is consistent with emission originating from multiple, discrete jet ejection events. While we also observe multi-frequency flaring in the 2015 June 26/27 (MJD 57199/57200) epoch, there is limited overlap between the mm/sub-mm and radio observations, which makes it difficult to reliably fit this data set with our model. We note that it is possible that the best-fit parameters presented in Table 1 do not represent a completely unique solution, due to degeneracies in our model (where different combinations of parameters can reproduce similar flaring profiles). Further, the modelling presented in this paper is not as well constrained as our previous application of the model to the flaring from an earlier epoch (MJD 57195; Tetarenko et al. 2017 ), as we only have light curves at 2 simultaneous bands (as opposed to 8 simultaneous bands on 8 The uncertainties reported in Table 1 are purely statistical, only representing confidence intervals on our parameters under the assumption that our model completely represents the data. However, given the residuals with respect to our best-fit model, it is possible that there are physical/instrumental effects in the data that cannot be reproduced by our model. See §4.3 of Tetarenko et al. (2017) for a more detailed discussion on this point.
MJD 57195) to constrain the model. We caution that the reader should keep this caveat in mind in the further discussion of jet properties in this paper.
Cross-correlation analysis
To search for time lags between different frequency bands, we computed cross-correlation functions (CCFs) of our time-resolved light curves in all epochs, using the ztransformed discrete correlation function (ZDCF; Alexander 1997; Alexander 2013). We chose to use the ZDCF algorithm, as this method has been shown to provide a more robust estimate of the CCFs for sparse, unevenly sampled light curves, when compared to the classic discrete correlation function (DCF; Edelson & Krolik 1988) or the interpolation method (Gaskell & Peterson 1987) . To obtain an estimate of the CCF peak (indicating the strongest positive correlation, and thus the best estimate of any time-lag between the light curves from different frequency bands), with corresponding uncertainties, we utilize the maximum likelihood method 9 described in Alexander 2013. Additionally, to estimate the significance level of any peak in the CCF, we perform a set of simulations. For these simulations, we randomize each radio light curve 1000 times (i.e., Fourier transform the light curves, randomize the phases, then inverse Fourier transform back, to create simulated light curves that share the same power spectra as the real light curves), and calculate the CCF for each randomized case. We then determine the fraction of simulated CCF data points above the peak CCF level in the original CCF run. Performing these simulations allows us to quantify the probability of false detections in our CCFs, by accounting for stochastic fluctuations and intrinsic, uncorrelated variability within each radio light curve.
While we performed the above CCF analysis for all of the radio through X-ray data sets for which we had overlapping, time-resolved data, we only find clear evidence of time lags during the July 02 (MJD 57205) epoch (see Figure 7) . In particular, we measure a time lag between the 26 GHz radio band and the 5 GHz radio band of 12.0 +3.7 −4.2 minutes. However, the measured time lags between the 26 GHz band and the 7/21 GHz bands are consistent with a zero lag within the uncertainty limits (where the 1 σ upper limits for the 26 GHz to 7/21 GHz lags are < 10 min and < 5 min, respectively). Further, the optical I band flaring activity observed in this epoch (see Figure 4 ) is unlikely to be correlated with this radio emission, as a simple jet model (z 0 ∝ 1/ν, where z 0 represents the distance down the jet axis from the black hole) paired with our our detected radio lag predicts a ∼ 15 min lag between the I band and 5 GHz, rather than the hours between the optical and radio flaring observed in the light curves (see Figures 4 and 7) . However, as the radio and I band light curves do not overlap in this In the top panel, we have overlaid our predicted best fit jet model at each frequency on the light curves (black lines, where our model contains contributions from both approaching and receding components for each ejection event). The residuals are shown in the bottom panel, where residual=(data-model)/(observational errors). Our best fit model, which contains a total of 5 bi-polar ejection events, can reproduce the overall morphology and flux levels of the emission we observe from V404 Cyg, indicating that this flaring emission is consistent with emission originating from multiple, discrete jet ejection events. Note that we do not attempt to model all of the peaks and wiggles in the mm/sub-mm emission past 02:00 UT, as we do not have the radio frequency coverage to constrain any additional components in the model past this point. See Figure C1 for a version of this figure where we decompose the full model into individual approaching and receding components. 
June −0.0001 a The baseline flux (representing contributions from a compact jet) is best fit by a single power-law, with amplitude F 0,cj at 140 GHz, and spectral index α. b Ejecta parameters are defined as follows: ejection time (t ej ), inclination angle of the jet axis (i), jet opening angle (φ obs ), synchrotron optical depth (at 140 GHz) at the time of peak flux density (τ 0 ), peak flux density of the ejecta component (F 0 ), and the bulk ejecta speed (β b ). c The index of the electron energy distribution, p, is not a fitted parameter but rather is solved for using values of τ 0 . Similar to the situation discussed in our earlier modelling work (Tetarenko et al. 2017) , the large range of energy indices (p) for the ejecta found here is not entirely physical for a single source. We believe that more extreme values of the energy index could be mimicking the effect of physics that has not been included in our model. epoch, we can not rule out a correlation between the two. Therefore, we are unable to conclusively determine if a trend with frequency, where the lower frequency bands always lag the higher frequency bands (and the lag increases as the frequency decreases in the comparison band), exists in our CCFs. Such a trend is expected from emission originating in a compact jet, as lower frequency emission is expected to originate from a region further down the jet axis from the black hole, and these time lags between radio bands could trace the propagation of material downstream along the jet (Malzac et al. 2003; Casella et al. 2010; Gandhi et al. 2017; Vincentelli et al. 2018) .
As the jet model we used in §3.2 can predict lags between different frequency bands for each jet ejection event, it is of interest to compare the model predicted lags from data on MJD 57200/57201 and the CCF predicted lags from data on MJD 57205. In particular, our best-fit jet model from MJD 57200/57201 predicts time lags between 26 and 5 GHz of 24-59 min, between 26 and 7 GHz of 17-44 min, and between 26 and 21 GHz of 2-5 min, for different ejection events. Therefore, the jet model predicted lags between 26 and 5 GHz are all larger than our CCF measured lag. These differing lags likely indicate varying jet properties at different phases of the outburst (i.e., decline from a major flare vs. flat-spectrum compact jet emission at a much lower level), such as bulk speed, inclination angle, opening angle, or electron energy distributions, between the MJD 57200 and 57205 epochs.
Broad-band Spectra
In the epochs following the structured flaring activity , where the emission is much more constant (showing minimal flux variability within an observation), we constructed broad-band spectra to track the spectral evolution of the jet emission as V404 Cyg decayed towards quiescence (including additional radio data from the Giant Metrewave Radio Telescope reported in Chandra & Kanekar 2017, to add lower frequency coverage at 0.235, 0.610, and 1.280 GHz). We fit these radio through optical/UV broad-band spectra with a phenomenological multicomponent model, consisting of a broken power law (representing compact jet emission), a black-body (R = 5.71R , T = 0.784T , representing the known companion star; Gallo et al. 2007) , and in two epochs, an additional single power law (representing emission from fading jet ejecta). To fit these spectra we use a MCMC algorithm (Foreman-Mackey et al. 2013) , where the best fit result is taken as the median of the one-dimensional posterior distributions, and the uncertainties are reported as the range between the median and the 15th percentile (-), and the 85th percentile and the median (+), corresponding approximately to 1σ errors. These broad-band spectra are displayed in Figure 8 , and the bestfit model parameters are reported in Table 2 . We note that while accretion disc emission has been known to contribute to the optical/UV emission in broad-band spectra of BHXBs (Khargharia et al. 2010 estimate < 3% accretion disc contamination during quiescence for V404 Cyg, although the accretion disc is much brighter in outburst than in quiescence; Bernardini et al. 2016 ), we do not include an accretion disc component in our model presented here (e.g., Hynes et al. 2002; Hynes 2005 ). While we could reasonably reproduce the Figure 8. Broad-band spectra of V404 Cyg during the decay of the 2015 outburst. The top panel in each broad-band spectrum displays the broad-band photometric data (black markers), and the best-fit model (where the Swift XRT/Chandra X-ray data points are not included in these fits), in each epoch. The solid purple line represents the total model, and the dotted lines represent the model components (green is the companion star component, dark blue is the compact jet component, and cyan is the fading jet ejecta component). The orange bars/arrows represent constraints on the location of the spectral break. The dash-dotted red line and shaded red/gray regions represent constraints on the synchrotron jet contribution to the X-ray emission (where our jet model over-predicts X-ray flux unless a sychrotron cooling break is considered in the spectrum; see §3.4 for details). The bottom panel of each broad-band spectra represents the residuals, where residual=(data-model)/(observational errors). The emission in these broad-band spectra is consistent with being dominated by emission from a compact jet, with a spectral break in the near-IR and optical frequency bands. a Columns from left to right: spectral break frequency, flux at the spectral break, optically thick spectral index, optically thin spectral index, integrated compact jet power (L jet = 4πD 2 ∫ νL ν dν, from 1.5-1.2 × 10 6 GHz) given our best-fit model, flux (at 15 GHz) and spectral index of additional optically thin power law component. The radius and temperature of the companion star were fixed in all fits ( R = 5.71R , T = 0.784T ; Gallo et al. 2007 ). b Note that we fix the optically thin spectral index to a value of −0.7 for the July 10, July 11 and July 12/13 epochs, as we do not have sufficient data to place accurate constraints on this parameter in our fitting.
optical/UV emission in our broad-band spectra with a cool (T ∼ 3000 K), highly truncated (R ∼ 10 4 R g ), viscous disc (where irradiation is not necessary to describe the spectral shape), the integrated flux over this disc emission implies a physically improbable mass transfer rate (e.g., on MJD 57205 ∼ 2 × 10 −9 M /yr −1 ) through the disc for this scenario. Therefore, we favour a model where the jet dominates the optical/UV emission in our broad-band spectra.
The broad-band spectra constructed from data on MJD 57202-57205, are well fit by a broken power-law, where we detect the spectral break in the near-IR bands. The OIR emission from the companion star is fainter than the jet emission on MJDs 57204 and 57205, contributing little to the overall broad-band spectra (although the jet and companion star show similar flux levels in the OIR on MJD 57202/57203). However, on MJDs 57202/57203, and 57204, we require an additional power-law component, to account for the excess emission at radio frequencies 10 . The broken power-law emission is characteristic of a compact jet, while the additional power-law component could originate in emission from fading jet ejecta, potentially launched during the flaring period 2-3 days prior to these epochs. Further, while we see very little evolution in the location of the spectral break across these three broad-band spectra, the optically thin spectral index may steepen over time, while the optically thick spectral index may flatten over time (although, given the large uncertainties in some epochs, it is difficult to determine if we see an evolutionary trend in this spectral index; e.g., MJD 57204, where we only sample the optically thick part of the spectrum in two closely placed sub-mm bands).
The broad-band spectra constructed from data on MJD 57213-57216, are also well fit by a broken power-law, where we detect the spectral break at frequencies as high as the optical bands. This indicates that the spectral break has moved to higher frequencies over the ∼ 1 week timescale between these epochs and the previous three epochs. Further, during these later epochs, the jet emission has faded by ∼ an order of magnitude, and thus the emission from the companion star contributes much more to the overall spectral shape in these broad-band spectra.
We note that all of the above conclusions are dependent upon the assumption that other emission sources (e.g., accretion disc emission, irradiation of the companion star by X-rays), are not significantly contaminating the OIR/UV bands in our broad-band spectra. For instance, X-rays emitted during the final major flaring event of the outburst (occurring a few days prior to the spectra presented in this work) could have potentially caused the emission from the companion star to be much brighter than normal (through the irradiation process), and in turn contribute more to the OIR/UV part of the broad-band spectrum. In this case, we would expect a smaller jet contribution to the OIR/UV emission. In fact, this scenario may explain the larger deviations between the radio/sub-mm data and our best-fit model on MJD 57213. The presence of a hotter companion star component, producing more OIR/UV flux, would allow for a flatter jet spectrum at lower frequencies, that would be more representative of the radio/sub-mm data in this epoch.
Further, given the high spectral break frequency measured here, it is of interest to explore whether the synchrotron jet emission could be dominating the emission in the X-ray bands during our sampled epochs. To test this scenario, we have also included the available quasi-simultaneous Swift XRT/Chandra X-ray flux measurements (in the 0.5-10 keV band) within our broad-band spectra (Figure 8 and Table C6 ). Simply extrapolating the optically thin part of the jet spectrum to the X-ray bands in the X-ray sampled epochs (blue dotted lines on Jun 29/30 & July 02, and gray shading representing a range of expected optically thin spectral indexes between α = −0.6 and α = −0.8 on July 10 & 11) clearly over-predicts the X-ray flux. Therefore, we consider the possibility where a second break, representing a synchrotron cooling break 11 (due to the highest-energy electrons losing their energy through radiation on timescales faster than the dynamical time scale; Sari et al. 1998; Pe'er & Markoff 2012; Russell et al. 2013a Russell et al. , 2014 , occurs between the UV and X-ray bands in the synchrotron spectrum. To place constraints on the location of the cooling break in this case, we consider the July 02 (MJD 57205) epoch, as this is the only epoch in which we have data sampling the optically thin part of the jet spectrum, no contribution from jet ejecta, and an X-ray measurement. Through refitting the July 02 spectrum, including the X-ray data point, adding a cooling break (where the spectral index after the cooling break is steeper by ∆α = 0.5; Sari et al. 1998; Russell et al. 2014) in the model, and keeping all other parameters fixed at the original best-fit values, we find ν coolbr = (1.5 +0.7 −0.5 ) × 10 16 Hz (where the cooling break version of the model is displayed as a red dot-dashed line in the middle-left panel of Figure 8 ). Given this cooling break measurement, and estimates of the optically thin spectral index (we assume spectral indexes between α = −0.6 and α = −0.8 in epochs where we have no constraint on this parameter), we also extrapolate the synchrotron spectrum to the X-ray bands in the June 29/30, as well as the July 10 & 11 epochs (displayed as red shading in the top-left, middle-right, and bottom-left panels of Figure 8 ). Overall, we find that the jet synchrotron emission could reasonably be producing a significant fraction of the X-ray flux in these epochs. Further discussion of the plausibility of this scenario is presented in §4.2.
DISCUSSION
Throughout the June 2015 outburst of V404 Cyg, the jet emission we observe displays a wide range of intensities (spanning over 3 orders of magnitude between the brightest and faintest epochs), and the spectral and variability properties of the jet emission change dramatically throughout the outburst (on timescales of minutes to days). In this work, we 11 We note that to the best of our knowledge the synchrotron cooling break has only been detected in the broad-band spectra of one BHXB so far (MAXI J1836-194) , where the cooling break was found in the optical bands between (3 − 4.5) × 10 14 Hz (Russell et al. 2014 ).
have presented detailed diagnostics of this jet emission, and in the following sections we discuss jet properties and evolution in V404 Cyg, as well as draw comparisons to the jet emission observed in the 1989 outburst, and the December 2015/January 2016 mini-outburst.
Jet ejecta behaviour
For the first ∼ 13 days of the June 2015 outburst, the jet emission from V404 Cyg appears to be dominated by emission from discrete jet ejections, as evidenced by the structured multi-frequency flaring activity in the light curves, and the rapidly oscillating radio through sub-mm spectral indices (consistent with the evolving optical depth of these expanding ejecta; see Figure 1 & 3) . In recent work (Tetarenko et al. 2017) , we developed a jet ejecta model for V404 Cyg that could reproduce the brightest multi-frequency flaring emission detected during the outburst (on MJD 57195), and in turn allow us to probe jet speeds, energetics, and geometry. To examine how the jet ejecta properties could evolve throughout the outburst, in this paper we have presented model fits to another multi-frequency flaring data set, occurring 5 days following the brightest epoch. We find that these later multi-frequency flaring episodes can also be well represented by emission from a series of jet ejections (Figure 6) . Upon comparing the jet ejecta properties between our modelled data sets, the later epochs tend to show fainter ejecta (tens to hundreds of mJy, rather than thousands of mJy), with lower bulk speeds (< 0.1c versus 0.2 − 0.6c on MJD 57195; Tetarenko et al. 2017) , and longer periods between ejections (on the order of hours, rather than minutes). This suggests that the ejecta properties changed throughout the flaring period, becoming slower, less energetic, and less frequent as the outburst progressed, before the discrete jet ejections stopped all together.
If the jet ejecta launched from V404 Cyg are powered by the accretion flow, then the radio/sub-mm emission we observe should be correlated with the optical/X-ray emission (where the optical emission could originate in the jet base/acceleration region and/or be reprocessed X-ray emission from the accretion flow; e.g., Gandhi et al. 2017 ). In particular, we might expect 12 to observe optical/X-ray flaring counterparts preceding our radio/sub-mm flares, where the ejection times predicted by our modelling should coincide with the optical/X-ray flaring. Interestingly, the beginning of the optical flaring complex observed on June 27 at ∼ 23:00 UT coincides with the predicted ejection time for the largest mm/sub-mm flare (ejection 2 in Table 1 , also see Figure C2 ) observed in this epoch. Additionally, while we were unable to model the radio/sub-mm flaring on June 26, if we assume similar delay timescales (∼ 10 − 40 min between mm/sub-mm and optical/X-ray) from our modelled epoch, it seems plausible that the rapid optical/X-ray activity on June 26 could also be related to the radio/sub-mm flaring we observe during this epoch (see Figure 3) . However, not all of the ejection events we model on June 27 have clear optical counterparts (e.g., ejections 3, 4 and 5; see Figure C2 ). The explanation for the lack of clear optical/X-ray counterparts to some radio/sub-mm flares in this system is not known, but additional factors such as a precessing accretion disc (Miller-Jones et al., Nature Submitted) obscuring the jet base or emission being absorbed by the strong accretion disc wind detected from the inner accretion disc in this source (Munoz-Darias et al. 2016) , could be affecting the optical/X-ray emission we observe, thus making it more difficult to identify counterparts to the radio/sub-mm flares. Therefore, our observations provide hints of a possible correlation between radio/sub-mm and optical/X-ray emission during jet ejection events in V404 Cyg, but we do not fully understand the connection between the accretion flow and jet emission in this system.
Compact jet behaviour
Following the flaring period, the jet emission from V404 Cyg switches to being dominated by a compact jet, as evidenced by the flat/inverted (radio through sub-mm) spectral indices, and the absence of large-scale flaring activity in the time-resolved light curves in all bands (see Figures 4 & 5) .
Through applying a phenomenological model to the broad-band emission at this stage in the outburst, we find that the compact jet is the dominant source of emission in V404 Cyg from the radio through optical/UV bands (see Figure 8 , where the broad-band spectra can be well fit by a broken power law, characteristic of compact jet emission). With this modelling, we initially detect the optically thick to thin synchrotron jet spectral break in the near-IR bands (∼ 2 − 3 × 10 14 Hz), and find that the spectral break could reach as high as the optical bands in our final epochs (4.48 × 10 14 Hz). This high spectral break frequency is atypical for BHXBs (typical values for the spectral break in BHXBs are 10 11−14 Hz; Russell et al. 2013a ), but consistent with data from the 1989 outburst, which also display a high spectral break frequency (∼ 1.8 × 10 14 Hz; Russell et al. 2013a) . These results are also in agreement with the recent work of Maitra et al. (2017) , who present several lines of evidence to suggest that the optical emission was dominated by the compact jet on MJD 57200, and theorize the spectral break lies above the optical V band at this time (∼ 5.5 × 10 14 Hz). As the spectral break probes the jet base (where jet particles are first accelerated to high energies), Maitra et al. (2017) theorize that a spectral break at such a high frequency suggests the jet base was very compact and energetic at this point in the outburst. If this is the case, our spectral break measurements imply these conditions persisted as the system faded toward quiescence.
Measuring a spectral break in the optical bands in the V404 Cyg jet spectrum could also have important implications regarding the jet contribution to the X-ray emission in this system. In particular, with such a high spectral break frequency, the optically thin synchrotron emission from the jet could be dominating the emission in the X-ray bands (e.g., in XTE J1550-564 the jet has been shown to dominate the X-ray bands during the outburst decay; Russell et al. 2010 ). In §3.4 and Figure 8 we have shown that a syn- Figure 9 . Radio frequency light curves of the 1989 (gray-scale data points) and 2015 (coloured data points) outbursts of V404 Cyg. The 1989 radio frequency data are taken from Han & Hjellming 1992 (HH92) , and we supplement our 2015 radio frequency coverage with the measurements reported in Plotkin et al. 2017a (P17) . The top and bottom panels indicate the radio spectral indices (in epochs where at least two radio bands were observed) in 1989 and 2015, respectively. The shaded regions in the top and bottom panels represent the time periods in which the radio emission was likely dominated by jet ejecta emission (red; α < 0) or compact jet emission (blue; α ≥ 0). We also include our JCMT sub-mm coverage of the 2015 mini-outburst in this plot, where the yellow shading in the middle panel indicates the duration of the 2015 mini-outburst period (MJD 57377-57413; Muñoz-Darias et al. 2017). While both outbursts reach similar peak intensities and show similar radio spectral index evolution, the radio emission from the 2015 outburst appears to decay much faster than in the 1989 outburst.
chrotron spectrum (with a cooling break between the UV and X-ray bands) extrapolated to the X-ray bands can reasonably reproduce the X-ray fluxes observed during the decay of this V404 Cyg outburst. This indicates that the jet could be producing a large fraction of the X-ray flux at this point in the outburst. However, to confirm this theory, a more detailed X-ray analysis (possibly examining hard/soft lags, reflection features, or the presence of iron lines) would need to be performed to verify that the X-ray emission is indeed more consistent with synchrotron from a jet rather than Comptonization in a hot inner flow. Such an X-ray analysis is beyond the scope of this work. However, we note that X-ray spectral studies (Motta et al. 2017b ) of this stage of the outburst find photon indexes (Γ ∼ 1.5 − 1.7) consistent with our estimated optically thin synchrotron spectral indices (α ∼ −0.6 -− 0.8, where Γ = 1 − α). This suggests that the X-ray spectrum may show a similar slope to the optically thin part of the compact jet spectrum, and thus be indicative of a synchrotron origin for this X-ray emission.
Further, we see limited evidence for evolution in the broad-band spectra across our sampled epochs during the outburst decay. For instance, the optically thin spectral index stays relatively constant (within error) across the epochs where it is measured, the optically thick spectral index may only flatten slightly over time, and the spectral break resides in the near-IR/optical bands across all of our sampled epochs (see Table 2 ). Additional radio observations occurring after our sampled epochs (in late July and early August) also show a similar trend, where the shape of the radio spectrum (i.e., spectral index) remains relatively constant over time (Plotkin et al. 2017a) . Limited jet spectral evolution may suggest that the jet properties are not changing significantly as the jet emission fades during these epochs (e.g., the jet spectral shape can be sensitive to many parameters, such as the magnetic field strength at the base of the jet, jet geometry, inclination of the system, the particle acceleration process, and the electron energy distribution injected into the jets; Pe'er & Casella 2009; Kaiser 2006; Jamil et al. 2010; Malzac 2014) . Interestingly, Chandra & Kanekar 2017 have reported the detection of a spectral break in the radio band at ν break = 1.8 GHz on MJD 57199/57200. This finding is consistent with our previous work (Tetarenko et al. 2017 ), where we found evidence of a compact jet with a spectral break between 0.341 < ν break < 5.25 GHz on MJD 57195. Therefore, while we observe little spectral break evolution in broad-band spectra sampling epochs later than MJD 57202 in this work, combining these two results may suggest that the spectral break rapidly shifted from the radio to near-IR bands over the span of a few days (between MJD 57199-57202).
Moreover, we find that the compact jet emission during the outburst decay can also be highly variable (on minute to hour timescales), similar to the conditions observed in the quiescent V404 Cyg jet. While the variability amplitude at radio/sub-mm frequencies appears to follow an average trend, where the variability amplitude decreases as the intensity of the jet emission decreases, interestingly we also find that the variability amplitude can sporadically increase in certain time periods. For example, on MJD 57204 the sub-mm emission displays a large variability amplitude of F var ∼ 85%, while the epochs taken ∼ 24 hours prior to and following the MJD 57204 epoch, show little to no variability (see Figure 4) . Maitra et al. (2017) have suggested that strong optical frequency variability (also probing the jet base region, but closer to the black hole than probed by submm frequencies) occurring a few days earlier on MJD 57200, could be caused by a disruption in the feeding of the jet. In this situation, the mass outflow rate changes sporadically in response to a change in the mass inflow rate through the disc. Alternatively, the high variability amplitude detected on MJD 57204 could be tracing the re-establishment of the compact jet, following the last major flaring episodes occurring a few days earlier. In either case, if the jet flow was unstable in the MJD 57204 epoch, this could also explain the origin of the time lags we detect between the radio bands in the MJD 57205 epoch. In particular, these time lags could be tracking a disturbance in the jet flow, that was injected into the jet base sometime between the MJD 57204/57205 epochs, and has since propagated downstream (to lower frequencies) in the jet.
Comparison to the 1989 Outburst
V404 Cyg underwent three known outbursts prior to 2015: 1938 (when the optical counterpart was observed and originally identified as Nova Cygni; Wagner et al. 1989 Wagner et al. ), 1956 (as discovered on photographic plates ; Richter 1989), and (when the transient X-ray counterpart was first identified by the Ginga satellite; Makino 1989). The 1989 outburst was monitored at multiple frequencies, including X-ray, optical, and radio frequencies (Han & Hjellming 1992) . While both the 1989 and 2015 outburst have been shown to exhibit similar X-ray behaviour (e.g., bright X-ray flaring activity that is not always intrinsic to the source), a detailed comparison between the radio jet behaviour during these different outbursts has not yet been presented. Radio frequencies offer the distinct advantage of providing a cleaner view of the system, when compared to the X-ray regime, as the high column density/external obscuration effects (Motta et al. 2017a) do not apply in the radio regime. As such, given our well-sampled radio coverage, in this section we compare the radio jet behaviour between the 1989 and 2015 outbursts (see Figure 9 for the radio frequency light curves and radio spectral indices for both outbursts).
The radio jet behaviour in the 1989 and 2015 outbursts display many similarities; both outbursts reach similar peak intensities (∼ 1 Jy), the spectral indices show similar evolution (progresses from steep, to flat, to inverted, in ∼ 20 days), both outbursts spend ∼ 15 days in a high luminosity flaring accretion state before transitioning into a hard accretion state (where the jet emission is dominated by a compact jet; red and blue shading in Figure 9 ), the radio emission remained variable throughout the outburst (regardless of flux level), and there are hints of coupling between radio, optical, and X-ray emission (Han & Hjellming 1992; Tetarenko et al. 2017; Plotkin et al. 2017a ). However, the radio emission in the 2015 outburst decays significantly faster than the radio emission in the 1989 outburst (∼ 30 days in 2015 vs. ∼ 300 days in 1989, to reach sub-mJy levels), and no mini-outburst is observed at radio frequencies in 1989 (Muñoz-Darias et al. 2017) . However, given the duration of the 2015 mini-outburst, and the sampling timescale between the 1989 radio epochs, it is entirely possible that such a minioutburst was simply missed in 1989. Interestingly, the 2015 outburst also decayed much more quickly in X-rays when compared to the 1989 outburst (∼ 60 days in 2015 vs ∼ 160 days in 1989; Terada et al. 1994; Oosterbroek et al. 1997; Zycki et al. 1999a; Plotkin et al. 2017a) .
Several works (Gallo et al. 2003b; Corbel et al. 2008; Gallo et al. 2014; Plotkin et al. 2017a; Gallo et al. 2018) have shown that the radio luminosity of V404 Cyg is linked to the X-ray luminosity through a robust disc-jet coupling relationship (radio luminosity is proportional to the X-ray luminosity; L R ∝ L β X , where β ∼ 0.54 for V404 Cyg). This relationship was shown to hold across a wide range of X-ray luminosities (L X ∼ 10 32 − 10 37 erg s −1 ), and is valid for both the 1989 and 2015 outbursts (Plotkin et al. 2017a ). Therefore, as the X-ray luminosity can be thought of a proxy for mass accretion rate, the more rapid drop in radio luminosity in the 2015 outburst could be the result of a more rapid drop in the average mass accretion rate after the peak of the outburst, when compared to the 1989 outburst. Munoz-Darias et al. (2016) have suggested that the strong accretion disc wind detected during the 2015 outburst may be a factor that regulates outburst duration, as these winds can significantly deplete the mass in the accretion disc (and potentially cause drastic and rapid changes in mass accretion rate). As such, it is possible that the faster decay seen in our radio light curves in the 2015 outburst indicates that the mass loss rate in the winds was much higher in the 2015 outburst, leaving less matter in the disc to fuel the jets. Along the same lines, the length of the quiescent period prior to each outburst may also be a contributing factor to the more rapid radio decay. In particular, as the quiescent period prior to the 1989 outburst was longer than the quiescent period prior to the 2015 outburst (33 vs 26 years), the system had more time to build up mass in the disc (to fuel the jets) before the 1989 outburst.
The December 2015 Mini-outburst
Following the June 2015 outburst of V404 Cyg, renewed Xray activity was detected from the system in December 2015 (MJD 57377, ∼ 189 days after the first detection of the June outburst; Lipunov et al. 2015; Trushkin et al. 2015; Beardmore et al. 2015; Malyshev et al. 2015; Motta et al. 2016) . Recent work (Muñoz-Darias et al. 2017; Kajava et al. 2018) has shown that while this "mini-outburst" was in general fainter across all sampled frequencies when compared to the June outburst, it showed similar phenomenology; strong flaring activity, fast accretion disc wind, highly variable column density.
This mini-outburst phenomenon has been seen in other BHXB sources following bright outbursts (e.g., GRO J0422+32, XTE J1650-500, MAXI J1659-152, GRS 1739-278; Yan & Yu 2017 and references within). However, with the exception of one source (Swift J1753.5-0127; Plotkin et al. 2017b ), these mini-outbursts have only been monitored at X-ray and optical frequencies.
Muñoz-Darias et al. (2017) present AMI radio monitoring of this mini-outburst period, where they detect flaring radio emission for a 10 day period following the mini-outburst detection. This flaring period ended with a large radio flaring episode on December 31/January 1, after which the radio emission began to decay (similar to the final radio flare on June 26 in the main outburst). We obtained JCMT SCUBA-2 sub-mm observations on January 1 and 2, in which we observe a decreasing flux density trend in both the timeresolved measurements on January 1 and between the two JCMT epochs (see Figure 10 ). This trend, combined with the timing of our measurements near the large radio flare, suggests that we may have caught the tail end of a brighter flare in our JCMT observations. Radio and sub-mm flaring accompanied repeated jet ejection events during the main June outburst (Tetarenko et al. 2017 and Figure 3 ). Therefore, our measurements corroborate the theory suggested by Muñoz-Darias et al. (2017) , that despite the fainter nature of the mini-outburst, V404 Cyg was still launching discrete jet ejecta during this time period, and in turn, jet ejecta are not exclusive to the highest luminosity states in V404 Cyg.
SUMMARY
In this paper, we present the results of our multi-frequency monitoring observations of the 2015 outburst of the BHXB V404 Cyg. We observed the source at radio and mm/submm frequencies, with the VLA, AMI, SMA, JCMT, and NOEMA, and collected publicly available OIR, UV, and Xray measurements to supplement our coverage. With this well-sampled data set, we created detailed diagnostics of the jet emission in V404 Cyg, tracking the spectral and variability properties throughout different stages of the outburst (e.g., time-resolved light curves and spectral indices, broadband spectra, CCFs, variability amplitude measurements).
Using these diagnostics we find that the jet emission was originally dominated by emission from discrete jet ejecta during the brightest stages of the outburst. These ejecta appeared to become fainter, slower, less frequent, and less energetic, before the emission abruptly (over 1-2 days) transitioned to being dominated by a compact jet. While the broad-band spectrum of this compact jet showed very little evolution throughout the outburst decay (despite the intensity of the jet emission fading by an order of magnitude), the emission still remained intermittently variable at mm/sub-mm frequencies. Further, through phenomenological modelling of the broad-band emission from this compact jet, we directly detect the optically thick to thin synchrotron jet spectral break in the near-IR and optical bands (∼ 2 − 5 × 10 14 Hz), and postulate that the compact jet could have been significantly contributing to the X-ray emission observed during the outburst decay. Additionally, we compared the radio jet emission throughout the 2015 and previous 1989 outbursts. While the radio jet emission in both outbursts show many similarities (e.g., peak flux, spectral index evolution), we show that the radio emission in the 2015 outburst decayed significantly (∼ 10 times) faster than in the 1989 outburst. We postulate that, given the robust disc-jet coupling relationship found between these two outbursts (Plotkin et al. 2017a) , this difference could indicate that the average mass accretion rate dropped (possibly due to the strong accretion disc wind) much quicker following the peak of the 2015 outburst, when compared to the 1989 outburst.
Lastly, we report on sub-mm observations during the December 2015 mini-outburst of V404 Cyg. These sub-mm observations display a decreasing flux trend, that most likely samples the tail end of a larger flaring episode. As submm flaring coincided with jet ejection episodes during the main outburst, these observations support previous claims (Muñoz-Darias et al. 2017) that, similar to the main out-burst, the source was most likely launching powerful jet ejecta during this period of renewed activity.
Overall, our work here demonstrates the importance of simultaneous, multi-frequency, time-resolved observations, to fully understand the rapidly evolving jet sources in BHXBs. this observing campaign. The authors also offer a special thanks to the IRAM NOEMA Director, Karl-Fredrich Schuster, for granting our NOEMA DDT request. AJT thanks Craig Heinke and Bailey Tetarenko for useful discussions on accretion disc contributions in broad-band spectra of X-ray binaries. AJT is supported by an Natural Sciences and Engineering Research Council of Canada (NSERC) Post-Graduate Doctoral Scholarship (PGSD2-490318-2016 The authors also wish to recognize and acknowledge the very significant cultural role and reverence that the summit of Mauna Kea has always had within the indigenous Hawaiian community. We are most fortunate to have the opportunity to conduct observations from this mountain. We acknowledge with thanks the variable star observations from the AAVSO International Database contributed by observers worldwide and used in this research.
APPENDIX B: OBSERVATIONAL DATA
In this section we provide data tables of all the day-timescale multi-frequency photometry measurements presented in this work; radio (Table C4) , mm/sub-mm (Table C5) , and OIR/UV/X-ray (Table C6 ).
APPENDIX C: JET MODELLING RESULTS
In this section we show additional figures pertaining to our light curve modelling. Figure C1 displays an alternate version of Figure 6 , in which we decompose the total jet model into the individual approaching and receding components. Figure C2 displays a zoomed in version of Figure 3 , where we also indicate the ejection times predicted from our modelling.
This paper has been typeset from a T E X/L A T E X file prepared by the author. a This column indicates the frequency bands observed with each sub-array. When multiple bands are present, the entry in this column indicates the temporal sequence with which the bands were observed by the sub-array. b A technical error occurred during observing and no data was taken for this sub-array. a Our SMA project is a ToO program, with highly constrained start times, needed to obtain simultaneous observations with other facilities. Therefore, due to the continuum nature of our observations, our program is often run immediately before or after other SMA observing programs, which results in the wide variety of correlator setups seen here. b The correlator setup; number of spectral windows, number of channels, and channel width, for each of the two side-bands. c The SWARM correlator had a fixed resolution of 101.6 kHz per channel, with 16383 channels for each SWARM spectral window. Given the continuum nature of these observations, we performed spectral averaging, to yield 128 13 MHz channels in both SWARM spectral windows (matching the number of channels in the ASIC spectral windows), to make it easier to combine ASIC and SWARM data. d Three of the 24 spectral windows were set up with a higher spectral resolution in this observation; 512 0.203 MHz channels. As such, we spectrally averaged these channels to match the other spectral windows with 32 3.250 MHz channels. June 27/28 (MJD 57200/57201). In both panels, the black lines represents our predicted best fit jet model at each frequency, and the dotted lines indicate the approaching (cyan) and receding (red) components of the individual ejection events. The arrows at the top of each panel (cyan for approaching, red for receding) identify which flares correspond to which ejection number from Table 1 . Table 1 ). While ejection 2 coincides with the beginning of a large optical flaring complex, the ejection times for later events do not seem to have optical counterparts (similar to what was seen during our previous modelling of flaring on MJD 57195; Tetarenko et al. 2017) . a This column displays the filters/instruments used for each observation; U (UVOT U band), B (UVOT B band), V (UVOT/Optical V band), UV1 (UVOT UVW1 band), UV2 (UVOT UVW2 band), R (optical R band), I (optical I band), J (infrared J band), H (infrared H band), K (infrared K band), Swift X-ray Telescope (XRT; 0.5-10 keV), Chandra (0.5-10 keV). Data shown in this table have been de-reddened (when required) using the prescription in Cardelli et al. (1989) , with an E(B − V ) = 1.3 ± 0.2 (Casares et al. 1993 
